Brh2, the ortholog of the BRCA2 tumor suppressor in Ustilago maydis, works hand in hand with Rad51 to promote repair of DNA by homologous recombination. Previous studies established that Brh2 can stimulate DNA strand exchange by enabling Rad51 nucleoprotein filament formation on replication protein A-coated ssDNA. But, more recently, it was noted that Brh2 has an inherent DNA annealing activity, raising the notion that it might have roles in recombination in addition to or beyond the mediator function. Here, we found that Brh2 can autonomously promote the formation of D-loops in reactions with plasmid DNA and homologous single-stranded oligonucleotides. The reaction differs from that catalyzed by Rad51 in having no requirement for cofactors or preloading phase on ssDNA. D-loop formation was most effective when Brh2 was mixed with plasmid DNA before addition of single-stranded oligomer. D-loop formation catalyzed by Rad51 was also enhanced when Brh2 was premixed with plasmid DNA. Brh2 rendered defective in Rad51 interaction by mutation in the BRC element was still capable of promoting D-loop formation. However, the mutant protein was unable to enhance the Rad51-catalyzed reaction. The results suggest a model in which Brh2 binding to plasmid DNA attracts and helps capture Rad51-coated ssDNA.
Brh2, the ortholog of the BRCA2 tumor suppressor in Ustilago maydis, works hand in hand with Rad51 to promote repair of DNA by homologous recombination. Previous studies established that Brh2 can stimulate DNA strand exchange by enabling Rad51 nucleoprotein filament formation on replication protein A-coated ssDNA. But, more recently, it was noted that Brh2 has an inherent DNA annealing activity, raising the notion that it might have roles in recombination in addition to or beyond the mediator function. Here, we found that Brh2 can autonomously promote the formation of D-loops in reactions with plasmid DNA and homologous single-stranded oligonucleotides. The reaction differs from that catalyzed by Rad51 in having no requirement for cofactors or preloading phase on ssDNA. D-loop formation was most effective when Brh2 was mixed with plasmid DNA before addition of single-stranded oligomer. D-loop formation catalyzed by Rad51 was also enhanced when Brh2 was premixed with plasmid DNA. Brh2 rendered defective in Rad51 interaction by mutation in the BRC element was still capable of promoting D-loop formation. However, the mutant protein was unable to enhance the Rad51-catalyzed reaction. The results suggest a model in which Brh2 binding to plasmid DNA attracts and helps capture Rad51-coated ssDNA.
BRCA2 ͉ BRC ͉ Dss1 ͉ homologous pairing ͉ Rad51 I n eukaryotes, repair of DNA by recombination requires Rad51 for homologous pairing and strand exchange. BRCA2 plays a fundamental role in the process by governing formation of the Rad51 nucleoprotein filament, the polymerized form of Rad51 that catalyzes pairing and DNA strand invasion (1, 2). BRCA2's interplay with Rad51 is mediated by BRC motifs located medially and the unrelated C-terminal interaction element. Productive recombination apparently results from a functional balance between the two different binding regions (3, 4) . Brh2, the conserved but smaller BRCA2 ortholog in Ustilago maydis (5) , has provided a useful model system for understanding mechanistic details of BRCA2 function. Cooperation between its single BRC motif and C-terminal Rad51 binding element is mediated by Dss1 (6), a small polypeptide that is essential for Brh2 function (7, 8) and forms a tight complex with the medial region corresponding to part of the helical domain and OB1 fold in the BRCA2 crystal structure (9) . Brh2 was previously shown to nucleate Rad51 filament formation on replication protein A (RPA)-coated DNA at junctions of ssDNA and dsDNA (10) . Investigation of its DNA binding properties by using oligonucleotides revealed that D-loop DNA was a preferred substrate (11) . Given this binding preference, we set out to investigate whether the protein could augment Rad51-promoted D-loop formation, not necessarily by promoting Rad51-filament formation, but possibly by stabilizing the nascent DNA joint molecules. During the course of our studies, as reported here, we found that Brh2 itself could promote D-loop formation.
Results
Brh2 Makes D-Loops. We studied D-loop formation by using superhelical plasmid DNA and radiolabled synthetic oligonucleotide substrates, and we used U. maydis Rad51and/or Brh2 to promote reactions. The Brh2 was purified as a complex with Dss1; in all of the experiments below the complex is referred to simply as Brh2 (11) . D-loop formation was monitored by using gel electrophoresis to track the uptake of a single-stranded (ss) oligonucleotide by superhelical DNA. Standard assays used pBluescript II plasmid DNA and a homologous 32 P-labeled ss100-mer oligonucleotide. D-loop formation was evident in autoradiograph images by the appearance of a 32 P-labeled band with mobility slower than free oligonucleotide but corresponding to that of the superhelical DNA in primarily the monomer form but also to a lesser extent dimer form. D-loop formation catalyzed by Rad51 depended on ATP and a divalent cation, and in accord with findings on the human protein (12) it was strongly stimulated by Ca 2ϩ as compared with Mg 2ϩ (Fig.  1A) . Product formation expressed as the percentage of D-loops was taken as the fraction of radiolabel present in the slow migrating complexes.
During the course of studying its effects on the Rad51 reaction we discovered that Brh2 alone had an inherent ability to promote formation of DNA complexes that migrated with the same mobility as D-loops formed by Rad51 (Fig. 1B) . In reactions containing plasmid DNA and ss100-mer oligonucleotide at a fixed ratio of three molecules of plasmid to one molecule of ss100-mer (a predetermined optimum for the Rad51 reactions), DNA complex formation promoted by Brh2 became apparent when about eight molecules of Brh2 were present per ss100-mer (Fig. 1B, lane b) , and increased with additional protein until Ϸ80 Brh2 molecules per 100-mer were present (Fig. 1B, lane e) . By comparison, addition of Ϸ17 Rad51 monomers per ss100-mer oligonucleotide was insufficient for D-loop formation (molar ratio of one Rad51 monomer per six nucleotides; Fig. 1B , lane h), whereas increasing that level to Ϸ100 (molar ratio of one Rad51 monomer per nucleotide; Fig. 1B , lane i) resulted in near maximal yield. In contrast to the Rad51-promoted reaction, D-loop formation by Brh2 did not require ATP or divalent cation (data not shown). However, in the subsequent analyses, 4 mM divalent cation (Ca 2ϩ unless otherwise indicated) and 2 mM ATP were included in reactions so that conditions would be uniform by comparison with Rad51. It should be noted that in the well established yeast system Rad51 binding to ssDNA is optimal at a ratio of one monomer per four nucleotides (13, 14) . The need for more Rad51 in D-loop formation as observed in the present study is probably caused by low efficiency of filament formation on the oligonucleotide substrate.
That the complexes formed in reactions with Brh2 were indeed joint molecules composed of plasmid DNA paired with 32 P-labeled oligonucleotide in the form of D-loops was supported by three lines of evidence. First, the slowly migrating 32 P-labeled complexes survived deproteinization by SDS and proteinase K, indicative of a nucleic acid composition rather than protein-nucleic acid aggregate (Fig. 1B) . Second, complex formation depended on sequence homology between the 32 P-labeled oligomer and cognate plasmid (Fig. 1C) . No complexes were evident when plasmid DNA was omitted or when the heterologous plasmid pUC19 was substituted for pBluescript II DNA (pBSII). On the contrary, complexes were formed when an ss80-mer homologous to pUC19 was added to reactions with pUC19 plasmid DNA. These complexes migrated slightly faster than those formed in reactions with pBluescript II and its homologous ss100-mer, consistent with the difference in size of the plasmids. Third, complexes disappeared after a restriction endonuclease was added to cut the plasmid DNA at a site removed from the region homologous to the oligonucleotide sequence (Fig.  1D) , a response consistent with the known instability of D-loops resulting from branch migration of a redundant strand in unconstrained DNA (15) . In all of these determinations, we used plasmid DNA prepared without a denaturation-renaturation protocol to avoid any irreversible denaturation of the topologically constrained covalently closed circular DNA (16) . Unlike the Brh2-dependent formation of complexes noted above in which plasmid DNA was prepared under neutral pH conditions, plasmid DNA deliberately irreversibly denatured by treatment with alkali spontaneously formed complexes with the 32 P-labeled oligonucleotide in the absence of Brh2, and the latter did not dissociate upon digestion with restriction endonuclease (Fig. 1E) . These results show that the joint molecules formed by Brh2 are in the form of authentic D-loops and are not complexes formed by annealing of the oligonucleotide to ssDNA inadvertently present in the plasmid DNA preparations.
DNA Binding by Brh2. D-loop formation by Brh2 as noted above became apparent at levels of protein that nearly saturated the 100-mer oligonucleotide (eight Brh2 molecules per 100-mer) as determined in a gel mobility-shift assay (compare Figs. 1B and 2A) . By visual inspection of an ethidium bromide-stained gel and interpolation from the Brh2 concentrations used, this level of protein also appeared sufficient to tie up almost all of the plasmid DNA molecules in complexes as well (Fig. 2B) . About five times more Brh2 was required to generate complexes with the plasmid DNA in the linear double-strand (ds) form (Fig. 2C) . With increasing protein there was a correspondingly greater mobility shift in DNA substrate, suggesting formation of protein-DNA complexes with larger and larger mass. For Rad51, at least 10 times more protein with respect to Brh2 was required to saturate each of the three different DNA substrates.
Under these conditions (6 nM ss100-mer or 3.2 nM plasmid DNA) it seemed that Brh2 had a slight preference for binding to the superhelical plasmid DNA in comparison to the single-stranded oligomer. At a ratio of Brh2 to plasmid of 14:1, all of the DNA was bound in complexes, whereas with Brh2 to ss100-mer at a ratio of 40:1 some oligonucleotide remained unbound. However, as the DNAs in this analysis were compared on a per-molecule basis, there was a large excess of total nucleotide present in the case of the plasmid DNA. To standardize the comparison we used a competition assay to determine the binding of Brh2 to the 32 P-labeled ss100-mer oligonucleotide with unlabeled plasmid or ss100-mer added as competitor on a per-nucleotide basis. By this assay it was evident that there was a slight preference of Brh2 for the ss100-mer over the plasmid DNA (Fig. 2D ). Only one type of complex was evident with increasing levels of oligomer competitor, whereas a second complex presumably of lesser mass appeared with increasing plasmid DNA competitor. The basis for this difference is not known.
Order of Addition. It has been well established that assembly of Rad51 on ssDNA to form an extended presynaptic filament is required for efficient homologous pairing (17) . Similarly in the case of the Rad52-promoted D-loop reaction, it was reported that formation of a presynaptic complex with ssDNA was necessary for maximum product formation (18) . Conversely, preincubating either Rad51 or Rad52 with duplex DNA effectively poisons any subsequent pairing reaction, presumably from sequestration of the protein on duplex DNA in a form inactive or unable to recycle (13, (18) (19) (20) .
D-loop formation with Brh2 was several-fold more efficient when Brh2 was preincubated with plasmid DNA substrate compared with when it was preincubated with ss100-mer (Fig. 3A) . In the Rad51 reaction D-loop formation was nonlinear with increasing Rad51 concentration, requiring a minimum threshold level of protein before any product was formed. At 150 nM Rad51 little D-loop formation was evident (Ͻ0.2% product), whereas at 300 nM the level achieved was about half (12% product) the maximal (Fig. 3B , lanes b and c). When Brh2 was present with 150 nM Rad51 during the preincubation period, D-loop formation was stimulated from an undetectable level (Ͻ0.2% product) to 10% product formation (Fig. 3B , compare lanes b and g). At higher levels of Rad51 where D-loop formation by Rad51 alone was maximal there was less product formed when Brh2 was present during the preincubation period. Thus, at the level of protein used in this experiment (500 nM Brh2), Brh2 appeared to act in either a stimulatory or inhibitory manner depending on the Rad51 concentration. Reaction mixtures contained 6 nM 32 -labeled ss100-mer, 18 nM plasmid, 750 nM Rad51, and cofactors as indicated (4 mM MgCl 2, 4 mM CaCl2, 2 mM ATP). Rad51 was preincubated with 32 -labeled ss100-mer, and reactions were processed as described in Materials and Methods. (B) D-loop formation by Brh2 compared with Rad51. Standard reaction mixtures contained 4 mM CaCl 2, 2 mM ATP, 6 nM 32 P-labeled ss100-mer, 18 nM plasmid DNA, and variable concentrations of Brh2 or Rad51. Reactions were processed as above with protein preincubated with ss100-mer. Brh2, lanes a-f: a, no protein; b, 50 nM; c, 100 nM; d, 200 nM; e, 500 nM; f, 1 M. Rad51, lanes g-l: g, no protein; h, 100 nM; i, 300 nM; j, 600 nM; k, 1. Preincubation of Rad51 with plasmid DNA absolutely quenched the D-loop reaction (Fig. 3C) . Preincubation of Brh2 with Rad51 on plasmid DNA was unable to mitigate the plasmid DNA-induced inactivation of Rad51. In addition, the Brh2-promoted reaction was effectively killed when Rad51 was present (Fig. 3C) . The only D-loop formation evident when preincubation with plasmid DNA (D) 32 P-labeled ss100-mer (800 nM as nucleotide) was mixed with unlabeled pUC19 plasmid DNA or ss100-mer as competitor (expressed as fold increase of total nucleotide relative to the ss100-mer). Brh2 (Ϸ 2 molecules per 32 P-labeled ss100-mer) was added to start reactions. The ratio of complexes remaining in the presence of competitor (bound) compared with no competitor (maximum) was determined from the intensity of the shifted bands. Reactions were started by combining the two mixes and allowing incubation to continue for 30 min. In lanes f-j, Rad51 at a fixed concentration of 750 nM was preincubated with 6 nM 32 P-labeled ss100-mer for 15 min. At the same time Brh2 at increasing concentrations [lanes f, no Brh2; g, 100 nM; h, 200 nM; i, 500 nM; j, 1,000 nM] was preincubated separately for 15 min with 18 nM plasmid pBSII DNA. Reactions were started by combining the two mixes and incubation continued for 30 min.
was performed was that promoted by Brh2 in the absence of any Rad51 (Fig. 3C, lane f) . In contrast, D-loop formation was stimulated to maximal levels (Ϸ35% product) when Rad51 was preincubated with ss100-mer and Brh2 was preincubated separately with plasmid DNA before combining all of the components (Fig. 3D) . These results suggest that Rad51/ss100-mer filaments react better with plasmid DNA when the latter has independently formed complexes with Brh2. Perhaps Brh2 binding to the plasmid alters the DNA structure, making it more receptive for the incoming oligonucleotide, possibly by opening the duplex. Pairing of the invading oligomer with its complementary sequence within the plasmid DNA might then be enhanced as a consequence of the annealing activity inherent in Brh2.
Role of BRC Element in D-Loop Formation. Rad51 added directly to reaction mixes containing both ss100mer and plasmid DNA substrates without a preincubation step was also completely ineffective in making D-loops (Fig. 4A) . On the other hand, Brh2 added directly to mixes of ss100-mer and plasmid DNA promoted a slow, but significant, D-loop reaction with increasing product formed over time. When Rad51 and Brh2 were added together to such mixes the initial rate of D-loop formation was slightly faster than that by Brh2 alone, but the yield was reduced. In the absence of Rad51, Brh2 promoted a low level of D-loop formation regardless of whether it was first preincubated with ss100-mer or plasmid DNA (Fig. 4 B and C) . The yield of product remained nearly constant over the entire period of preincubation of Brh2 with plasmid DNA, but diminished over time with ss100-mer. It is possible that Brh2 is slowly inactivated or becomes unstable in the presence of ssDNA.
As noted above maximal D-loop reaction was observed when preformed Rad51/ss100-mer filaments were mixed with preformed Brh2/plasmid DNA complexes (Fig. 3D) . When the Rad51 reaction was started by adding naked plasmid DNA to preformed Rad51/ ss100-mer filaments, product formation was Ϸ10% (Fig. 3D, lane  f) , but when the Rad51 reaction was started by adding plasmid DNA premixed with Brh2 the yield of product jumped Ϸ4-fold (Fig. 3D,  lane i) . This competence of Brh2/plasmid DNA complexes in stimulating D-loop formation by preformed Rad51 filaments increased as the time of preincubating Brh2 with plasmid DNA was extended (Fig. 4D) . When Brh2 was mixed with plasmid DNA and the mixture was added immediately to Rad51/ss100-mer filaments, product formation was Ϸ25%. However, when the period of preincubating Brh2 with plasmid DNA was extended over the course of 30 min the yield of product climbed to Ϸ40%. This increase in competence of the plasmid DNA to form D-loops when preincubated with Brh2 reinforces the notion that Brh2 induces a change in the plasmid DNA structure that makes it more favorable for pairing with the Rad51 filament.
Stimulation of the Rad51 reaction by Brh2 could also be caused in part by other reasons, including stabilization of the D-loop product through preferential binding by Brh2 (11) and/or enhancement of the reaction by physical interaction with Rad51. Because the BRC element mediates a well defined interaction with Rad51 via its polymerization interface (21, 22) , we examined a mutant form of Brh2 with key residues in the BRC changed (F294A T296A) to abrogate interaction with Rad51 (6) . Like the wild-type version, this Brh2 F294A T296A mutant protein retained the autonomous D-loop forming activity regardless of whether it was preincubated on ss100-mer or plasmid DNA (Fig. 4 B and C) . Thus, the inherent D-loop forming activity of Brh2 protein does not require a functional BRC element. However, the strong Rad51-dependent D-loop reaction observed when preformed Rad51 filaments were added to Brh2-plasmid DNA complexes was absent (Fig. 4D) . Only the basal level of Brh2-promoted D-loops was evident. These results suggest that direct protein-mediated interaction between Rad51 filaments and Brh2-plasmid complexes is required for maximal D-loop formation when both proteins are present in reactions. It has been noted by others that BRC repeats from human BRCA2 can associate with Rad51 nucleoprotein filaments in both disruptive and nondisruptive modes, possibly providing some remodeling function (23) (24) (25) (26) . Our findings here suggest there could be an additional and more direct role of the BRC element in contributing to homologous pairing and joint molecule formation. or Brh2 (500 nM) or both was added without preincubation directly to standard reactions containing 6 nM ss100-mer and 18 nM pBSII plasmid DNA. Samples were removed at the indicated times. (B) Brh2 or Brh2 F294A T296A mutant protein was preincubated with 6 nM 32 P-labeled ss100-mer for the indicated times. Reactions were started by addition of 18 nM plasmid pBSII DNA and incubation continued for 30 min. (C) Brh2 or Brh2 F294A T296A mutant protein was preincubated with 18 nM plasmid pBSII DNA for the indicated times. Reactions were started by addition of 6 nM 32 P-labeled ss100-mer and incubation continued for 30 min. (D) Rad51 (750 nM) was preincubated with 6 nM 32 P-labeled ss100-mer for 15 min. Brh2 protein or Brh2 F294A T296A mutant protein was preincubated with 18 nM plasmid pBSII DNA for the indicated times (min). Reactions were started by combining the two mixtures and incubation continued for 30 min.
Discussion
There are three principal points from this study. First, Brh2 promotes uptake of a single-stranded oligonucleotide by a homologous superhelical plasmid DNA to form D-loops. This reaction differs in notable ways from that promoted by Rad51. There is no ATP requirement, nor is there any evidence to suggest that the D-loop reaction proceeds after formation of a nucleoprotein filament on ssDNA. Second, Brh2 is active in D-loop formation under conditions in which Rad51 is virtually dead. Indeed, the reaction proceeds quite well when Brh2 is mixed first with duplex DNA, a condition that effectually poisons Rad51. Third, Brh2 stimulates D-loop formation by acting in trans when Rad51 filaments formed on ssDNA are mixed with Brh2 bound to duplex DNA. Here, the stimulation depends on a functional BRC element, suggesting that Brh2 lures the Rad51 filament to the duplex through physical association. These findings suggest that the scope of Brh2's capabilities is wider than previously considered, but at the same time anchor Brh2 more firmly within the class of proteins that mediate nucleoprotein filament formation.
The emerging view of the initiating step in recombinational repair is recognition of sequence homology coupled with DNA strand exchange (27, 28) . Rad51 in eukarya (29) , RecA in eubacteria (30) , and RadA in archaea (31) promote this process to achieve strand exchange over hundreds of base pairs. The nucleoprotein filament formed by the Rad51/RecA/RadA family proteins polymerizing on ssDNA becomes a molecular machine that catalyzes DNA strand exchange. The filament is conserved in structure and function across the domains of life, exemplifying the universal importance of its role in recombination (32) . BRCA2 provides crucial activity for regulating the Rad51 filament of many, although not all, eukaryotes. As demonstrated with the human BRCA2, the medially located BRC elements exert a filament-destabilizing effect (23) , whereas the unrelated C-terminal Rad51-interacting element protects the filament against disassembly through specific association with the polymerized Rad51 (3, 4) . Balance between these opposing influences is required to ensure appropriate filament status and properly executed recombination. In prokaryotes RecX and DinI act as competing modulators to provide a functionally similar regulatory ability in governing dynamic equilibrium of the RecA filament (33) . RecX promotes dissociation of the filament (34), whereas DinI stabilizes it (35) .
Nucleation of the nascent Rad51 filament on RPA-coated ssDNA is another crucial function in the repertoire of regulatory activities provided by BRCA2 as demonstrated with Brh2 in a reconstituted in vitro system (10) . The functionally equivalent activity in prokaryotes is provided by the RecFOR proteins, which act in concert to mediate RecA filament loading on (SSB)-coated DNA (36) . The RecOR complex recognizes the ds/ssDNA junction on gapped DNA, loads RecA, and stabilizes the RecA filament (37) . These observations suggest that regulation of filament dynamics is a fundamentally conserved theme in the governance of recombination, but that the means for establishing and maintaining the filament differ between eukaryotes and prokaryotes and seem to have evolved differently. Understanding the basis of these mechanisms is then central to revealing a precise picture of how recombination is regulated in eukaryotes versus prokaryotes.
Comparison of Brh2 with RecO reveals some intriguing similarities. While there is no relationship evident by sequence alignment, the architecture of the DNA-binding domain of each includes the OB fold (5, 38) . Both proteins have been demonstrated to facilitate annealing of complementary ssDNAs complexed with their cognate single-strand DNA-binding protein, RPA or ssDNA-binding protein (SSB), respectively (11, 39) , and in light of the findings presented in this current study, it appears that Brh2, like RecO protein (40) , can promote D-loop formation in an ATPindependent manner. These DNA strand-pairing activities are also exhibited by Rad52 (18, 41, 42) , which serves as the preeminent Rad51 mediator in yeast (43) , and by Hop2 (44) , which mediates Rad51 and Dmc1 filament formation in meiosis of yeast and higher organisms. Hop2 in heterodimeric complex with Mnd1 (45) stimulates Rad51 and Dmc1 homologous pairing reactions (46) , promoting filament-directed capture of the duplex through the DNAbinding action of Hop2 (47, 48) . This activity appears to be similar to the protein-mediated interaction between Rad51 filaments and Brh2-plasmid complexes that we observed in the present study. Analogy with Brh2 extends to the cryptic prophage-encoded RecT of Escherichia coli and bacteriophage lambda ␤ protein, which are distantly related to Rad52 (49), exhibit similar homologous pairing capabilities (50, 51) , and augment RecA-mediated reactions in vivo under some circumstances (52) (53) (54) (55) .
When highly overexpressed, RecO can partially compensate for the lack of RecA in promoting survival of E. coli after UV irradiation (40) . However, compensation in activity appears to be the exception rather than the rule among the proteins in the mediator class. Certainly in the case of U. maydis there is no evidence to suggest redundancy in function between Brh2 and Rad51 despite the common ability of these proteins to promote D-loop formation. Expression of Brh2 from a strong promoter does not substitute for Rad51 in restoring DNA repair proficiency (56) . Thus, the ability of Brh2 and the collection of genetically diverse proteins cited above to promote D-loop formation should not be taken as a touchstone meaning that they play a biological role equivalent to Rad51 (or RecA). Rather, it suggests that they have an undiscovered potential for roles beyond those previously considered. One possibility of a role for Brh2 might be as a trigger to initiate homologous pairing within the nuclear environment in which the conformation of DNA is largely double-stranded, a condition that appears to be extremely adverse for Rad51 activity. That Brh2 can promote D-loop formation in reactions without artificial ordering of the addition of components or with the preponderance of the DNA present in duplex form suggests an ability to initiate pairing reactions that is lacking in Rad51.
Materials and Methods
Reagents. Brh2 in complex with Dss1 and Rad51 proteins were purified after overexpression in E. coli as described (11) . Brh2 F294A T296A protein with the indicated residues altered by site-directed mutagenesis (6) was prepared in the same manner. Oligonucleotides were synthesized and gel purified by Integrated DNA Technologies. Oligonucleotide sequences are based on plasmid pBluescript II SKϩ DNA residues 2-101 or pUC19 DNA residues 142-221. Plasmid DNAs were purified without an alkaline denaturation step by a slight modification of a classic procedure (57) . Briefly, cells converted to spheroplasts by digestion with lysozyme were lysed with sarkosyl and spun in an ultracentrifuge to produce a clear, nonviscous supernatant. This supernatant was extracted with phenol and treated with RNase, and the DNA was purified by chromatography using Qiagen proprietary resin. After elution with ethanolic saline (55% ethanol, 0.1 M NaCl) and concentration, the DNA was further purified by velocity sedimentation on a preparative scale in a neutral pH sucrose gradient. To denature covalently closed circular DNA irreversibly, samples were made alkaline by the addition of 0.5 M NaOH. After 15 min at room temperature an equivalent amount of HCl was added to reneutralize the sample. All DNA concentrations are expressed as moles of molecules rather than nucleotide, unless indicated otherwise. Oligonucleotides were 5Ј end-labeled by using [␥-32 P]ATP and T4 polynucleotide kinase.
D-Loop Reactions.
For standard D-loop reactions with Rad51, 6 nM 32 P-labeled 100-mer was preincubated with protein at 37°C in a 15-l reaction in a buffer containing 25 mM Tris⅐HCl (pH 7.5), 20 mM KCl, 1 mM DTT, 4 mM CaCl2, and 2 mM ATP. After 15 min reactions were started by the addition of 18 nM plasmid DNA, and incubation continued for an additional 30 min. D-loop reaction conditions with Brh2 were the same except that preincubation with ss100-mer was not performed unless otherwise indicated. Reactions were stopped by the addition of SDS and proteinase K to 1.2% and 1.7 mg/ml, respectively, and an additional incubation for 30 min. EDTA (20 mM) and loading dye were added, and DNA components were resolved by electrophoresis on 1% agarose gels. Dried gels were exposed to phosphor storage screens (Molecular Dynamics) and processed with a Typhoon 9400 PhosphorImager (Amersham Biosciences). Relative amounts of substrate and product bands were determined with ImagequaNT software (Molecular Dynamics). Percentage of D-loops indicates the fraction of radiolabeled oligonucleotide associated with the slow migrating D-loop band.
DNA Binding. 32 P-labeled 100-mer at 6 nM (or 3.6 nM unlabeled plasmid DNA) was incubated with either Rad51 or Brh2 for 10 min at 37°C in buffer containing 25 mM Hepes, 1 mM DTT (with 4 mM CaCl 2 and 2 mM ATP in the case of Rad51). Glutaraldehyde was then added to a final concentration of 0.2%, incubation continued for 10 min to cross-link protein-DNA complexes, and Tris⅐HCl (pH 8) was added to a final concentration of 120 mM to quench the cross-linking reaction. Products were resolved by electrophoresis on 1% agarose gels as above and visualized by phosporimaging or staining with ethidium bromide as required.
